Video time-lapse microscopy has made it possible to document growth cone motility during axon navigation in the intact brain. This approach prompted us to reanalyze the hypothesis, originally derived from observations of fixed tissue, that growth cone form is position-specific. The behaviors of DiI-labeled retinal axon growth cones were tracked from retina through the optic tract in mouse brain at embryonic day (E) 15-17, and these behaviors were matched with different growth cone forms. Patterns of behavior were then analyzed in the different locales from the retina through the optic tract.
Video time-lapse microscopy has made it possible to document growth cone motility during axon navigation in the intact brain. This approach prompted us to reanalyze the hypothesis, originally derived from observations of fixed tissue, that growth cone form is position-specific. The behaviors of DiI-labeled retinal axon growth cones were tracked from retina through the optic tract in mouse brain at embryonic day (E) 15-17, and these behaviors were matched with different growth cone forms. Patterns of behavior were then analyzed in the different locales from the retina through the optic tract.
Throughout the pathway, episodes of advance were punctuated by pauses in extension. Irrespective of locale, elongated streamlined growth cones mediated advance and complex forms developed during pauses. The rate of advance and the duration of pauses were surprisingly similar in different parts of the pathway. In contrast, the duration of periods of advance was more brief in the chiasm compared to those in the optic nerve and tract. Consequently, in the chiasm, growth cones spent relatively more time pausing and less time advancing than in the optic nerve or tract. Thus, because growth cone form is behavior-specific and certain behaviors predominate in particular loci, growth cone form appears to be positionspecific in static preparations, due to the fraction of time spent in a given state in different locales.
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In the nervous systems of a wide variety of species, growth cones exhibit striking changes in their morphology in different cellular contexts (see, for example, Speidel, 1942; Roberts and Taylor, 1983; Tosney and Landmesser, 1985; Caudy and Bentley, 1986; Bovolenta and Mason, 1987; Holt, 1989; Bovolenta and Dodd, 1990; Kim et al., 1991; Yaginuma et al., 1991; Hollyday and Morgan-Carr, 1995; Ramon y Cajal, 1995) . In nerves and tracts, growth cones display simple streamlined forms and in decision regions, complex forms. These observations were culled from fixed preparations and were, by necessity, snapshots of dynamic scenes. The morphogenetic transitions are believed to reflect responses to local cellular and extracellular cues (Bovolenta and Mason, 1987; Williams et al., 1991) , and vary according to growth order (Lopresti et al., 1973; Nordlander, 1987; Wilson and Easter, 1991; Fitzgerald and Reese, 1992; Burrill and Easter, 1995) .
Our studies on growth cone morphogenesis have focused on the retinal axon path from the retina toward targets. This path is comprised of segments in which growth cones grow relatively straight ahead, such as the optic nerve and tract, as well as a classic example of a decision region, the optic chiasm, where axons resort and change trajectory (Bovolenta and Mason, 1987; Godement et al., 1990) . Static and dynamic analyses of retinal growth cone extension have shown that uncrossed fibers, arising exclusively from ventrotemporal retina, grow toward the chiasm midline, develop complex branched growth cones, and make a turn back to the ipsilateral optic tract (Sretavan and Reichardt, 1993; Godement et al., 1994) . This finding led to the hypothesis that cues localized at the chiasmatic midline instigate dramatic changes in growth cone form and behavior, that in turn lead to retinal axon divergence Wang et al., 1995) .
Dynamic chronicles of axon growth in vivo obtained with video time-lapse microscopy have revealed features of growth cone motility, including the tempo of advance. These analyses have also indicated that growth cone forms undergo constant remodeling, both along paths and within targets (Harris et al., 1987; O'Rourke and Fraser, 1990; Kaethner and Stuermer, 1992; Dailey et al., 1994; Danks et al., 1994; Halloran and Kalil, 1994; O'Rourke et al., 1994) . Further, the documentaries have suggested that the principle of position-specific morphology is not strict. For example, the streamlined forms typical of growth cones in tracts have been sited in decision regions (Godement et al., 1994) .
With video time-lapse recording of dye-labeled growth cones in a semi-intact preparation of the embryonic visual system (Godement et al., 1994) , the present study tests the hypothesis that growth cone form is position-specific. We examined whether specific growth cone forms developed during certain behaviors and if so, which behaviors, and thus forms, were predominant in each locale. Instead, growth cone form is related to particular behaviors, and certain behaviors predominate in the different parts of the trajectory of growing axons, resulting in a "read-out" of static preparations, that growth cone form is position-specific. preparation (right panel ) of the retinal axon pathway at E14. As shown in transverse section, the cerebral cortex was removed with cuts along the lateral dashed lines, and the third ventricle (III ) was opened at the dorsal aspect (middle dashed line). The prep was placed ventral and lateralsides-down on the coverslip surface of the culture dish, as on the right. A DiI crystal was placed in peripheral ventrotemporal or dorsotemporal retina and the prep was stored in the incubator overnight. Growth cones were monitored as they extended through one or more regions from the retina through the chiasm and into the optic tract (Table 1) . The preparation on the right is "flipped" bottom-side-up with regard to the brain on the left, and it shows the prep as viewed with the objective of the inverted microscope. The orientation of the prep matches all other figures in this paper, with the retinae and labeled axons at the top of the figure and optic tracts at the bottom. Re, Retina; ON, optic nerve; Ch, medial (Med) and lateral (Lat) chiasm; OT, optic tract. B, Low-power view of DiI-labeled axons in an intact open-book preparation. The preparation was made at E14, incubated overnight, and fixed after monitoring for 8 hr. This image was obtained with epifluorescence illumination, together with low bright-field illumination to view both the outlines of the prep and the labeled axons. Box refers to approximate area shown in C, although C is a different preparation. Scale bar, 200 m. C, The trajectory of retinal ganglion cell axons in the optic chiasm. Horizontal view of the optic chiasm of a preparation similar to those monitored by video microscopy, as in A (right panel ). After 14 hr culture, the prep was fixed, vibratome-sectioned, photoconverted, and immunostained with a monoclonal antibody to SSEA-1. DiI-labeled axons appear brown, and the specialized early neuronal population resident to the ventral diencephalon, seen here as an inverted V-shaped cell arrangement (long arrow) , appears red because of an alkaline phosphatase-conjugated second antibody, developed with phosphatase reagents (HistoMark, KPL, Gaithersburg, MD). Inset shows a growth cone that crossed the midline (short arrow points to position of this growth cone in C, which is out of the focal plane in the low-power micrograph). Scale bar: 200 m; inset, 10 m.
MATERIALS AND METHODS

Isolated brain preparation
Embryos at ages E14 -E15 were derived from a timed-pregnancy breeding colony of C57BL/6J mice maintained under our direction at Columbia University. The first day of gestation was considered P0.
The dissection of the isolated brain preparation for video microscopy was performed essentially as described (Godement et al., 1994) , except that the dorsal diencephalon containing the optic tract and lateral geniculate nucleus was included in the preparation. To do this, the entire brain was removed once the retinae and optic nerves were dissected. The cortex was cut away and the third ventricle was cut at the dorsal aspect. The preparation was flattened in an "open book configuration" with the ventral and lateral aspects of the diencephalon, including the optic tracts, apposed to the coverslip surface of the culture dish, such that the entire visual pathway could be viewed simultaneously (Fig. 1 A) .
With a micropipette, a small crystal of DiI (1, 1Ј, dioctadecyl-3,3,3Ј,3Ј-tetramethylindocarbocyanine perchlorate, Molecular Probes, Eugene, OR) was applied near the periphery of the retina for labeling small numbers of ganglion cells and their growth cones. For video imaging, the DiI labeling was on a much smaller scale than in the prep in Figure 1 B. In the most optimal cases, 1-5 fibers were labeled in the growing front. In ventrotemporal retina that give rise primarily to uncrossed fibers and to some crossed fibers, 47 preps were labeled, and 26 were labeled in dorsotemporal retina, a source of crossed fibers (Dräger, 1985; Godement et al., 1987a; Godement et al., 1987b; Colello and Guillery, 1990; Godement et al., 1990; Sretavan, 1990) . After dye application, medium was added (DMEM/F12 serum-free medium supplemented with 15 mM HEPES buffer, 33 mM glucose, 0.4% methylcellulose, 1% BSA, 5 mg/l insulin, 5 mg/l transferrin, 5 g/L sodium selenite (Sigma medium supplement, Cat. No. I-1884, Sigma, St. Louis, MO) and 20 U/ml penicillin/ streptomycin), and preparations were incubated at 35ЊC overnight before monitoring.
Time-lapse image acquisition
Time-lapse video recordings were made as described (Godement et al., 1994) as growth cones grew in the retinae, optic nerves, lateral and medial regions of the chiasm, and optic tracts (Fig. 1, Table 1 ). The culture dish was placed on the stage of a Zeiss Axiovert 35 with a 100 W mercury lamp, maintained at 33-36ЊC with a thermostatically driven heater. Potentially damaging illumination was reduced by placing a neutral density filter and a shutter (Uniblitz, Vincent Associates, Rochester, NY) in the light path. Images were obtained with a Hamamatsu SIT camera and recorded onto an optical disk recorder (Panasonic) after being processed by a digital image processer (IMAGE-1 or METAMORPH, Universal Imaging Corp., West Chester, PA). Axons were observed with lower power objectives (10ϫ and 20ϫ) for up to 47 hr, taking one frame every 15 or 20 min. Growth cone morphology was viewed at 1 or 3 min intervals at higher magnification using an oil-immersion objective (100ϫ), for up to 13 hr. At the beginning and end of each recording session, or when switching recording fields, a frame was captured with phase or brightfield at 10ϫ or 20ϫ magnification to view the orientation of the preparation, and to determine the position of the growth cone.
Postimmunostaining of movie preparations
A number of preparations were fixed, photoconverted, and immunostained after monitoring, to verify the location of the monitored growth cones and to study the morphology of the growth cones (Fig. 1C) . After the last image was obtained, the preparation was fixed with 4% paraformaldehyde for 1 hr, embedded in agar, sectioned at 100 -150 m on a vibratome, and collected in phosphate buffer. DiI labeling was then photoconverted from a fluorescent compound to a dark brown reaction product as described previously . Vibratome sections with DiI-labeled axon growth cones were immunostained after photoconversion with monoclonal antibody RC2 (reveals radial glia in the embryonic mouse CNS and a radial glial palisade in the midline of the optic chiasm) or SSEA-1 (recognizes epitopes found on embryonic stem cells Growth cone behaviors and associated forms. Time-lapse video sequences of the forms of growth cones during different behaviors. Both simple and complex forms were found during advance and pausing, respectively, in both the chiasm and the tract. Time is denoted in minutes in the top right corner. A, A simple growth cone extends rapidly within the midline region of the optic chiasm. B, A growth cone in the optic tract. The recording began with an advance, followed by a short pause, as displayed by the broadened shape at 30 min. Between 50 and 90 min, the growth cone extended again by means of a simple form. The direction of growth then shifted, and the growth cone advanced more rapidly. The growth cone paused again at the end of the last frame shown (90 min) and spread. C, In the optic chiasm, a pausing growth cone has a complex filopodia-bearing form. Although there was no net advance for over 205 min, the exact shape of the complex form changed considerably and the growth cone appendages were motile. D, In the optic tract, this growth cone paused between 10 and 35 min, with a complex form developing during the pause. After the pause, the growth cone developed a simple form and advanced quickly (40 min). E, Retraction of a growth cone in the optic tract. This growth cone advanced (at 0 min), then retracted (10 min), leaving a thin strand (arrow). Reextension was followed by a second retraction (40 -55 min). Extension then resumed (75 min) with a slight change in the angle of trajectory. Scale bar, 10 m. and a subset of cells at the direct chiasmatic midline), as described previously .
Analysis of time-lapse sequences
To understand the relationship between growth cone behavior and form, growth cone maneuvers were documented with time-lapse video microscopy in the retinae, optic nerves, optic chiasm, and optic tracts ( Fig.  1 A, B ). The present observations were based on imaging of 26 axons at low power and 40 axons at high power, selected from ϳ100 sequences in 73 preparations. One or two axons were recorded from a single preparation. Criteria for inclusion of sequences for further analysis were that the sequence lasted for at least 1 hr, that axons did not display beading throughout the recording, and that they advanced during the course of recording or the growth cone was still motile at the end of the recording. At low power (10ϫ and 20ϫ), growth cone motility was monitored with little deleterious effect for up to 47 hr. During the recordings at low power, some growth cones traversed several segments of the pathway, yielding a total of 39 sequences in the different locales, even though only 26 axons were studied (Table 1 ). In the sequences that contained healthy advancing axons, the average time of recording and distance monitored for individual fibers and their growth cones at low power was 7 hr and 256 m, and at high magnification, 3.25 hr and 94 m.
To track the movements and tempo of growth of retinal growth cones, preparations showing small numbers (less than 5) of well-labeled fibers were used, at low power. The kinetics (advance/pause cycles, and rates of growth) were computed with the Image-1 system, as described previously (Godement et al., 1994) , using the "track point function" to generate a list of points representing the movement of the same growth cone (Fig. 4) . The plots indicate the position of the neck of the growth cone (the neurite immediately behind the body of the growth cone), rather than the growth cone center or tip, because the latter structures could change dramatically without the extension of the neurite, as is the case during a pause. From these plots, the duration of the pauses and advances was computed in the different regions of the visual pathway. To measure the rate of advance of individual growth cones, the distance moved over time was measured with the same function and statistically analyzed. The data from the medial chiasmatic area was compared to data from the other sites.
For analysis of morphological changes, growth cones were viewed at high magnification. Growth cones were chosen if few other fibers or growth cones were labeled in that area, so that the background fluorescence would not obscure the edges of the neurite or growth cone. To determine the changes in growth cone form, the forms were determined in consecutive individual frames and viewed on the TV monitor. The image from each frame was then edited and printed directly on a Phaser color printer with Adobe photoshop software (version 3.0). To determine growth cone form change with respect to behavior, the maintenance of and transitions in growth cone form were determined in consecutive frames of the high power sequence. The corresponding behavioral states were correlated in each frame sequence, by comparing the position of the neck of the growth cone in consecutive frames. The relationship between growth cone form and behavior is presented in histogram form in Figures  5 and 8. To demonstrate that growth cone form appears to be positionspecific in static preparations as a function of time spent in a particular state, the duration of traverse over 100 m was calculated for each position, with the start and stop of each recording noted at low power. The predominance of growth cone forms was expressed as a percentage of the total time spent in simple or complex growth cone shapes per 100 m (Fig. 10) .
RESULTS
Growth cone behaviors along the retinal axon path
In the preparations analyzed in this study, retinal axons cultured overnight after dye application and then monitored by video microscopy for an additional 3-24 hr (with a few up to 47 hr), grew in the same pathways as in the intact embryo (Fig. 1 B) . Even though E14 embryos were used throughout, the location of the growing front of labeled growth cones varied depending on the proximity of DiI application to the optic disk: after the overnight culture period, injections near the disk labeled growth cones as far as the optic tract, whereas injections near the retinal periphery labeled growth cones in the retina and optic nerve. Many of the recordings were made within one locale, but other recordings tracked growth cones over one to two additional locales (Table 1) .
Several basic behaviors-extension, pausing, retraction, and branching-were observed along the retinal axon pathway (Fig.  2) . Extension was defined as relatively straightforward advance of the neurite and the growth cone. We detected extension by the progression of the neck of the growth cone (the neurite immediately behind the body of the growth cone), rather than the tip, that could change shape and thus position without neurite advance. During pauses, there was little or no advance of the growth cone neck but protrusive activity continued, with extensive remodeling and changes in the form of the growth cone. As in growth cone collapse in vitro (see, for example, Kapfhammer and Raper, 1987; Bandtlow et al., 1990) , retraction involved the withdrawal of the neck and the body of the growth cone ϳ4-10 m, often with a fine strand of cytoplasm remaining where the growth cone tip was located (Fig. 2 E) . In the retina, optic nerve and tract, retraction was seen in approximately half of the axons monitored at least once during the recording, but was rarely seen in the chiasmatic midline region (in only 2 of 20 axons). Branching occurred exclusively at the growth cone distal to the neck, and the growth cone itself bifurcated (Fig. 7) .
The above behaviors were displayed in certain combinatorial patterns. Retractions commonly occurred at the end of an advance period, but only after a short pause and never after a long pause (Fig. 2 E) . Shifts in direction were never seen without a long pause preceding the shift, and could be dramatic, such as during a turn (Fig. 3A , 10:30 -14:00), or subtle ( Fig. 6 A, , with a change of only a few degrees in the path of growth. Sharp turns, described previously in optic chiasm (Godement et al., 1994) , involved multiple pauses and advances, with only small increments in net advance until after the turn was complete, then extension was rapid (see Fig. 4C , trace 3). Branching always occurred during a pause.
The tempo of motility was appreciated by viewing the video sequences during playback of frames, as well as by comparing the 4 Time is denoted in hours and minutes. Scale bar, 100 m. In A, a growth cone from ventrotemporal retina advanced at the starting point of recording (0:00) in the lateral chiasm region, paused between 0:15 and 0:30, and then underwent another round of extension and pausing (0:30 -1:00). Subsequently, there was a long period of extension, and then the growth cone paused (3:15) and started to split (arrowhead, 3:30) . The right branch slightly shifted its angle of orientation and continued to advance until another pause (4:15-4:30), when the growth cone considerably changed its angle of orientation along the axis of the midline (downward in frame). The growth cone then made many small advances and pauses up to 10:45. Subsequently, the growth cone turned away from the midline (between 11:00 and 14:00). In B, an uncrossed growth cone from ventrotemporal retina was recorded just after it diverged from crossed fibers and entered the ipsilateral optic tract (0:00). From 0:00 to 4:40, the growth cone advanced rapidly and paused several times. From 4:40, the growth cone rapidly extended (4:40 -5:00), paused briefly (5:20), and advanced again until 6:00. From 6:00 to 6:40, the growth cone paused, advanced (6:40 -7:40), and subsequently underwent similar intermittent growth until 11:20, thus traveling ϳ3200 m in 11 hr. The frame was shifted at 23:30, and over the next 11 hr, the growth cone advanced in a saltatory manner for an additional 11 hr. Note that although viewed at low power, growth cones were seen to develop expanded forms reminiscent of complex growth cones when pausing (e.g., 3:30, 7:00 -7:30 in A, and 6:20 -6:40 in B). Time is denoted in hours and minutes. Scale bar, 100 m. position of the growth cone from frame to frame. Both of these modes of observation showed that growth cone advance was punctuated by pauses or retractions in every portion of the retinal axon path, in the optic chiasm (Fig. 3A) (Godement et al., 1994) , as well as in nondecision regions such as the optic tract (Figs. 3B, 4) .
To graphically depict intermittent growth, axon extension was plotted as a function of distance (Fig. 4) , with each circle representing the position of the growth cone (Godement et al., 1994) , viewed at low magnification. Extension was defined as the advance of the neck of the growth cone more than 7 m (the smallest increment in advance that could be reliably detected at low magnification) in the space of 15 min (the interval between two frames in low magnification chronicles). Pauses were defined as no net extension or extension less than 7 m in the space of 15 min. This analysis confirmed that pauses occurred in every part of the pathway, lasting from 15 min to over 1 hr (Table 2) . Between pauses, advance occurred in periods of 20 -90 min.
To summarize the behaviors, growth cones display advances, pauses, retractions, and branching. The transition from one behavior to the other usually occurs in a certain sequence. Finally, in every part of the pathway, intermittent growth occurs, consisting of cycles of extension and pausing.
Growth cone form is behavior-specific
To investigate to what extent growth cone form is positionspecific, we examined whether growth cone form is behaviorspecific, then investigated the applicability of these correlations to the different locales from retina to optic tract. Two broad categories of growth cone form were constructed. Simple growth cones were defined as having an elongated body (ϳ5-15 m long by 4 m wide), either scalloped in outline due to lamellopodia extending from the growth cone core (e.g., Fig. 2 A, 50 min; Fig.  2 C, 135 min) or torpedo-like (Fig. 6 A, 135 and 170 min) . Complex growth cones had a body that was twice as broad as long, usually had an irregular outline, and commonly bore filopodia (e.g., Figs. 2C, D, 6A, 0 -55 min; Fig. 6 B, 0, 21, 108 -159 min) . In general, the categories and dimensions corresponded to those in Bovolenta and Mason (1987) and Godement et al. (1994) . Within the complex category was a subcategory of hypercomplex growth cones, described in our previous studies as having spread forms in a Y-shape, or a tri-partite branched configuration, in which one or two of the thick branches were tipped with a smaller complex growth cone (see Godement et al., 1994, their Figs. 9, 10) .
The two general forms of growth cone described above, simple and complex, were then correlated with three growth cone behaviors, extension, pausing, and retraction. For this analysis, motility was not measured with the track point function, as at low power, but, rather, by the comparison of form and behavior in consecutive frames with a 3 min interval, viewing at high magnification. When the form changed, the series was reanalyzed up to that point and the behaviors noted through that series of frames. Advance was considered as extension of the neck of the growth cone more than 2 m in the space of 3 min (the interval between two frames in high magnification recordings). Pauses were defined as no net extension or extension less than 2 m in the interval of 3 min. When a given form was maintained throughout a set of frames, the percentage of the frame pairs that had growth cones displaying particular behaviors was computed, summing data from recordings in each locale.
Of the frames where growth cones displayed simple shapes (n ϭ 40 growth cones; 3213 total frame pairs), 77% were advancing, 16% were pausing and 7% retracted. In contrast, of the frames that contained growth cones with complex shapes (n ϭ 40 growth cones; 5785 total frames), 94% were pausing, 3% were advancing and 3% had retracted (Fig. 5) .
To further investigate the relationship of growth cone form to behavior, we studied the transitions in growth cone behavior and analyzed whether the form changed according to the above correlations. First, when growth cones were pausing, then began to advance, the shape transited from a complex to a streamlined form (Fig. 6 A, 100 -135 min; Fig. 6 B, 21-84 min). Second, when growth cones transited from advancing to a pause state (Fig. 2 B, 70 -90 min) or upon retraction (Fig. 2 E, 0 -10 min; Fig. 6 B, 84 -108 min), growth cones became complex. Third, during a pause or recovery from a retraction, small advances could be made by a complex growth cone over a short period of time and at a slow rate (Fig. 2 E, 10 -40 min; Fig. 6 A, 100 -115 min), but further rapid advances over long distances were made only by a streamlined growth cone (Fig. 6 A, 135-170 min; Fig. 6 B, 39 -84 min). Finally, if after a pause, an advance occurred with a shift in direction, growth cones became unusually complex (branching, hypercomplex) before the advance (Fig. 6 B, 129 -159 min) , branching into distinct fingers (Fig. 7 , and see Godement et al., 1994) . Thus, the correlations made between behavior and form held when shifts of behavior occurred.
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These data demonstrate that growth cone forms correlate with specific behaviors. During advance, growth cones are streamlined and elongated whereas during pauses, growth cones have complex forms.
The relationship between growth cone form and behavior, and position
To address why growth cone form appears to be position-specific, we analyzed whether the above correlations between behavior and form applied in the different locales from retina through the optic tract, using the analysis of growth cone form and behavior in consecutive frames, as above. In each locale examined, of the frame intervals that contained growth cones with streamlined forms, the majority of those growth cones were advancing (retina, 78%; optic nerve, 67%; lateral chiasm, 68%; medial chiasm, 75%; and optic tract, 86%). Likewise, of the intervals that contained complex forms developed, the majority of growth cones were pausing (retina, 93%; optic nerve, 94,%; lateral chiasm, 98,%; medial chiasm, 96%; and optic tract, 81%) (Fig. 8) . While hypercomplex forms were always associated with pausing, these growth cones were only seen near the chiasm midline, and correlated with subsequent extreme changes in directionality as seen in uncrossed axons (n ϭ 3 axons) (see also Godement et al., 1994) , and was the only behavior that was site-specific. Thus, growth cone form was found to be behavior-specific, and in the same manner for each site.
Given the consistent correlations between form and behavior in all sites, we then analyzed whether the patterns of behaviors and corresponding growth cone forms were different in the five locales. We predicted that positional specificity of form could be explained by different frequencies of behaviors in each locale. First, we examined the rate of advance, duration of advances and pauses, and the overall growth rate (per given distance) ( Table 2 ). The growth during individual bouts of extension was rapid (ϳ50 m / hr) but similar in every locale except for the retina, where it was somewhat more rapid (almost 60 m per hr). The average duration of pauses was also similar in all parts of the retinal pathway, with the longest in the chiasm, even though this difference was not significant. However, the duration of advance was significantly shorter in the chiasm compared to that in the retina and optic tract ( p Ͻ 0.05). The more brief advance periods in the chiasm yielded the lowest overall growth rate (Table 2) . We thought that it was unlikely that the slow rate of progression in the chiasmatic midline resulted from having filmed axons for long periods, with consequent deleterious effects on the monitored axons. In fact, the slow tempo of growth was seen at this site irrespective of when the sequence began, and rapid growth always resumed once axons left the chiasm and entered either optic tract. These data suggest that the patterns of behavior are indeed different during growth through the several locales from retina through optic tract.
Second, we determined the predominance of behavior in the different segments of the retinal axon path, by calculating the ratio of the average duration of advance to the average duration of pauses (Table 2) . For the chiasm, the ratio is 1.3 whereas for the retina it is 3.8 and for the optic tract, 3.3. This demonstrates that growth cones spend relatively more time extending as they grow in nondecision regions such as the optic nerve and tract, than they do in the optic chiasm.
To graphically demonstrate these site-specific differences in behavior patterns, the "beat" or tempo of growth was depicted. For a subset of axons tracked at low power, advancing and pausing were indicated by a dash or x, respectively, for each 15 min frame interval (Fig. 9) . In the chiasm, frequent bouts of advance to pause cycles are seen, with rather brief advance periods. Pause periods ranged from 15 min to over 1 hr, compared to the pause duration Figure 5 . Growth cone forms represent specific behaviors in all positions along the retinofugal pathway. Growth cone form was analyzed with respect to behavior. Frames were recorded at high magnification, and sequences were pooled from all positions. The y-axis represents the percentage of frames that contain growth cones had simple or complex forms during extension, pausing, or retraction. A majority of growth cones that were simple (77%) were advancing, whereas most growth cones that were complex (94%) were pausing. in the optic tract. It should be noted that the pause periods in Figure 9 appear longer than those summarized in Table 2 , in which the values were averaged for all axons at the different sites. This can be explained by the fact that in the beat chart, only selected individual examples are shown. Moreover, as indicated in Godement et al. (1994) the pause periods for uncrossed axons are longer than those for crossed axons; most of the axons examined in Table 2 were crossed axons (10 of 14). After crossing the midline, axons displayed longer advance-pause cycles (Fig. 9) , as extension continued uninterrupted for several hours and pauses were relatively short in this segment of the path.
To test the above findings, that the fraction of time spent in different behavioral states with correspondingly different growth cone forms underlies positional specificity of growth cone shape, we examined the predominance of forms over time, in a given span of growth in each locale. We calculated the time spent traversing 100 m and the percentage of that time that growth cones assumed one of two forms, simple forms as seen during advance and complex forms as during a pause (Figs. 5, 8, 10 ). To do this, for each recording, the distance that an individual growth cone traveled was measured (by viewing the start and stop points in the preparation at low power). Then, the percentage of frames and thus proportion of time (each frame interval was 3 min, at high magnification) that a growth cone had either simple or complex forms was computed. In the retina, nerve, and tract, all straight paths, more than 70% of the time a growth cone spent traversing 100 m, growth cones assumed simple shapes. In contrast, in the medial chiasmatic region, growth cones spent 86% of the time it took to traverse 100 m assuming complex shapes. These data demonstrate that the time spent assuming different Figure 7 . Growth cone branching is common during a shift in direction. This growth cone navigated from the optic nerve into the lateral region of the chiasm. The growth cone branched four times: at 0, 55, 105, and 145 min. Each time, one branch dominated and led to a shift from the direction of the parent neurite to growth in the axis of that branch, while the another branch withdrew. Time is denoted in minutes. Scale bar, 10 m. Figure 8 . Growth cone shape is behavior-specific in all positions. As in Figure 5 , growth cone shape and behavior were correlated for each position along the retinofugal path. A majority of simple growth cones were advancing, whereas complex growth cones were in a pausing state or had retracted. Sequences (with one growth cone per sequence) were recorded in the retina (n ϭ 3), optic nerve (n ϭ 2), lateral chiasm (n ϭ 8), chiasm midline (n ϭ 20), and optic tract (n ϭ 7).
forms of growth cone and therefore either pausing or advance behaviors, varies with different loci along the path. Together with the data in Table 2 and Figure 9 showing the beat of growth, these measures indicate that in the chiasm, especially the medial region, growth cones spend a greater fraction of the time pausing, and therefore more frequently display complex shapes, whereas in the optic tract, growth cones spend more time advancing and thus are more commonly sited with streamlined growth cones.
To summarize, in all parts of the pathway, extension of fibers occurs in bouts of advance and pauses. Simple streamlined growth cones develop during advance, and complex growth cones during pauses. The rate of extension and the duration of pauses are similar irrespective of locale, but the average duration of advance is shorter in the chiasm, yielding a slower overall rate of growth in this decision region. Finally, the fraction of time spent in any one behavior varies with position. Because growth cone form reflects behavior, and different behaviors predominate in each locale, growth cone form is not directly, but is ultimately, position-specific.
DISCUSSION
This study analyzes the relationship of growth cone form and behavior in different locales along the retinal axon pathway through the optic tract. Fibers extend in bouts of advances and pauses. Simple streamlined growth cones develop during advances, and complex growth cones during pauses. While the rate of extension and duration of pause periods are similar throughout the pathway, advance periods are shorter in the chiasm compared to other segments of the path, yielding a slower overall rate of growth in this decision region. A key finding of this analysis is that the fraction of time spent in any one behavior varies with position. Because growth cone form reflects behavior, and different behaviors predominate in each locale, growth cone form is consequently, but not directly, position-specific. Remarkably, previous analyses of growth cone morphology in fixed tissue, based on "snapshots" of individual axons (see, for example, Bovolenta and Mason, 1987) , arrived at similar conclusions. The present study provides definitive evidence that the apparent predominance of growth cone forms viewed in fixed material stems from sampling the most common behaviors and thus the most common forms.
Growth cone form and behavior relationships
The distinction drawn here between simple and complex growth cones, mediating advance and pausing, respectively, has been made previously (O'Rourke and Fraser, 1990; Kaethner and Stuermer, 1992; Sretavan and Reichardt, 1993; Dailey et al., 1994; Danks et al., 1994; Godement et al., 1994; O'Rourke et al., 1994; . Simple growth cones with elongated bodies and few filopodia predominate during rapid extension in straight paths (Harris et al., 1987; Halloran and Kalil, 1994) . In the living retina, elongated growth cones with scalloped lamellar surfaces (e.g., Fig. 2 A, 50 min) fasciculate with other fibers . Ultrastructural analyses of growth cones having this shape indicate that the lamellae enfold axon fascicles (Bovolenta and Mason, 1987; Williams et al., 1991) . Indeed, at E15, the developmental time point studied here, numerous axons have already projected through the chiasm and optic tract and form substrates for subsequent fibers. Lanceolate or torpedo-like Figure 9 . The rhythm of growth cone progression in the optic chiasm and tract. The incidence of pause (x) and advance (-) periods was charted over time, in successive frames with a 15 min interval, for a select group of axons in low-power chronicles, indicating the "beat" or rhythm of progression through these regions. Each line of symbols is a temporal rather than spatial representation (compare to Fig. 4) . A, Optic chiasm. All fibers in this figure crossed the midline, indicated by a vertical line. Before crossing the midline, most growth cones had a higher frequency of advance-pause cycles and displayed brief periods of extension. After crossing the midline, advance periods were longer. B, Optic tract. In contrast to growth cone progression in the optic chiasm in A, the duration of extension periods was longer and the cycling from advance to pause was less frequent. Thus, retinal axons undergo shorter bouts of extension and pause more frequently in the chiasm compared to the tract. growth cones were also seen to mediate advance in the present study (see Figs. 2 A, 6A, 0 min) (see also Scalia and Matsumoto, 1985) . Growth cones with this form have been postulated to extend by minimizing their volume and "snaking" between other nonaxonal cellular elements (Burrill and Easter, 1995) . Both variants of simple forms develop during extension in the retinal axon pathway at E15-E17.
This study correlates growth cones having complex shapes with pauses, in agreement with analyses of living preparations in vivo at transition points in the path, such as in decision regions (Holt, 1989; Godement et al., 1994) and at the entry to targets (Halloran and Kalil, 1994; Bastmeyer and O'Leary, 1996) , and within targets (Kaethner and Stuermer, 1992; P. Godement and B. Llirbat, unpublished data) . Complex growth cones have not been previously noted in tracts, perhaps because of their fleeting appearance during the relatively brief pauses compared to the extended periods of advance. The cell-cell interactions of complex growth cones are likely to be more varied than those for elongated lamellar growth cones .
In apposition to the present findings, complex growth cones have been seen to develop during extension in vitro (Bray and Bunge, 1973; Letourneau, 1975; Argiro et al., 1984; Payne et al., 1992; Buettner et al., 1994) , and in vivo, in tracts at the growing front of axons (Burrill and Easter, 1995) or when growth cones appose glial endfeet (Wilson and Easter, 1991; or fibroblasts (Speidel, 1933) . All of these substrates have common physical features in that they are flat, two dimensional surfaces.
Together, these observations raise an important issue not directly analyzed in this study: The specific form of growth cones reflects the physical and molecular composition of the growth context. These interactions in turn lead to particular behaviors. Support for the direct link between form, and cellular and molecular interactions, comes from studies in vitro. When complex growth cones extend on a flat permissive substrate and encounter other neurites that are also permissive, the growth cones embrace the neurites and transform into the elongated lamellar forms seen in the present study in extending axons (Lin and Forscher, 1993; Baird and Mason, unpublished observations; Letourneau, unpublished observations) . Likewise, when growth cones transit from one permissive substrate to another, both having the same physical conformation but different molecular composition, even if both substrates are growth-permissive, changes in form and behavior can ensue (Buettner et al., 1994; Gomez and Letourneau, 1994; Smith, 1994; Burden-Gulley et al., 1995) .
It should be emphasized that the present analysis linking forms of growth cones with given behaviors pertains to the mouse retinal axon pathway at E15-E17, and might not apply to neurons in other pathways or even to the same neurons growing during earlier periods (see . Moreover, each neuronal population is likely to have a distinct repertoire of responses to its growth context; these responses are manifested in a hierarchy of forms, at different developmental periods and across different sites (see Tosney and Landmesser, 1985 on motor vs sensory axons). A fuller understanding of the cellular and molecular factors affecting the form-behavior relationship requires combined dynamic, ultrastructural and immunolocalization analyses of specific pathways in vivo, and of identified neuronal populations in vitro.
What induces particular patterns of intermittent growth?
The present study has provided new insights into a previously undocumented feature of behavior in situ, i.e., the tempo or rhythm of growth cone advance within a pathway. Retinal axons undergo intermittent growth in every portion of the path up to their first target. Intermittent growth cone advance has been recorded in targets and segments of paths in the CNS of other species (Kaethner and Stuermer, 1992; Halloran and Kalil, 1994) . Through this stop-start behavior, growth cones, like other motile Figure 10 . Predominance of growth cone forms in different locales. This histogram indicates the percentage of the time spent traversing 100 m, during which growth cones adopted simple or complex forms, reflecting the time spent in advance or pause states, respectively, in the several locations in the retinal axon path. For each growth cone recording made at high power, the total distance traveled and the time it took to traverse this distance was determined by marking the start and stop points of the chronicles at low power. The percentage of this time that a growth cone was simple or complex was then computed. The same data used for Figure 8 were analyzed here. cells, may undergo rhythmic rests of the motility machinery (Abercrombie and Heaysman, 1953; Abercrombie, 1970) to mobilize resources for the next spurt of growth. In addition, growth cones are likely, during pauses, to respond to cellular and molecular discontinuities along their growth trajectory (Seeger et al., 1993; Stoeckli and Landmesser, 1995) .
One surprising relationship outlined in this study is that while pause periods were similar throughout the path, the advance periods were truncated considerably in the optic chiasm compared to those in the retina, optic nerve and tract. What prevents growth cones from advancing over a long stretch within this locale? One possibility is that retinal axons encounter novel cellular arrangements within this decision region compared to the nerve or lateral chiasm, namely, the radial glial palisade and an intersecting palette of early neurons . Retinal growth cones may encounter molecular differences on these cells or in the extracellular matrix (see Stoeckli and Landmesser, 1995 on the floor plate). In addition, the chiasm contains diffusible factors that produce a general slowing of growth. Such growth suppressing factor(s) are hypothesized to temper the growth of all axons entering the chiasmatic midline zone, to prime them to perceive other, more specific cues leading to retinal axon divergence and /or fiber-fiber rearrangements (Guillery et al., 1995; Wang et al., 1996) . However, as the present study suggests that the speed during advance is constant across positions, such factors may simply cut short advance rather than affect the absolute speed.
Although the factors that affect the duration of advance are not understood, events that occur at the transitions from advance to pause and vice-versa include both the detection and transduction of guidance information (Doherty and Walsh, 1994) . At least two types of intracellular responses to guidance cues have been noted: 1). alteration of surface molecules on the neurite or growth cone (Dodd et al., 1988; Stoeckli and Landmesser, 1995) , either by postranslational modification or after signaling back to the cell soma; 2). reorganization of the cytoskeleton (Bentley and O'Connor, 1994) , especially during a change in direction or exploration of a decision region (Burmeister and Goldberg, 1988; Sabry et al., 1991; O'Connor and Bentley, 1993; Tanaka and Kirschner, 1995) . Such changes are likely to occur upon detection of inhibitory and positive cues encountered in both decision and nondecision regions.
Conclusions
This study presents a dynamic analysis of growth cone form, behavior, and position along the retinal axon pathway. Variations in behavior patterns ultimately lead to the apparent specificity of growth cone form in different locales. In addition, these data point to differences in tempo of growth in decision versus nondecision regions. The predictive nature of the relationships between growth cone form and behavior can be used as a guide in interpreting static and dynamic analyses of the cellular interactions of dye-labeled growth cones. Through this approach, we can learn how growth cones interpret extrinsic signals leading to changes in growth cone trajectory, shape, and motility.
